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Abstract

Functional relationships which parameterize growth based on the Eppley tem-
perature relationship for phytoplankton maximal growth rates are increasingly
being used in marine and freshwater ecosystem models. In this paper, we demon-
strate the effect of using such generalized relationships in modelling studies. Two
suites of numerical experiments are carried out to investigate the sensitivity of
models to generalized growth relationships. In each experiment, one hundred
individual species or groups of phytoplankton are allowed to compete under a
variety of growth versus temperature relationships. One suite of experiments is
carried out within a simple “chemostat” type model that is forced with season-
ally varying temperature and photosynthetically available radiation (PAR) fields.
A second suite of experiments is carried out using a biogeochemical mixed-layer
model to demonstrate the sensitivity of these models to various temperature ver-
sus growth relationships. The key difference in the biogeochemical mixed-layer
simulations is in the timing of the ecosystem response to seasonal variability of
the mixed-layer depth and temperature. The Eppley growth versus temperature
relationship overestimates phytoplankton growth by as much as 80% during the
spring when growth rates are crucial to the timing of the spring blooms. This
decrease in growth rates causes a delay in the spring phytoplankton bloom which
in turn results in significant changes in all other model constituents. The results
from both suites of experiments show that it is important to resolve the intrin-
sic growth dynamics of a population in order to properly resolve the maximum
growth rates of phytoplankton populations. The results also present a possible
explanation for why phytoplankton are commonly found growing within water
colder than their optimal temperature for growth. A dynamic growth versus tem-

perature model is introduced that is capable of resolving the growth dynamics of



a population of phytoplankton under a variety of temperature forcing scenarios.
This new growth versus temperature model/relationship will be useful in global
biogeochemical models and demonstrates the importance of underlying population

dynamics in controlling bulk community growth estimates.
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1. Introduction

General circulation models (GCM) are currently being coupled to ecosystem
models in order to simulate global ocean ecosystems. These circulation models
are based on well-understood equations of motion, state, and continuity. Marine
ecologists have yet to discern such relationships or “laws.” The development of
ecological theory with applicable equations for use in models has been slow, and
the testing of these theories has been difficult due to the complex interactions
between organisms and their environment.

Historically, modelling the ocean’s ecosystem has been approached from an
empirical perspective. Typically, ecosystem modelers develop or assemble a set of
empirically-derived functions for each of the specific trophic levels and use these
to control the flow of material between the model’s components. These functions
are then a fixed set of equations that are not allowed to acclimate to changes in
the ecosystem that may arise naturally, such as changes in nutrient flux, tem-
perature, light, species succession, competition, food availability, predation, and
phenotypic, or on longer time scales, genotypic, changes. There are currently
no ecosystem models that are based entirely on first principles (Behrenfeld and
Falkowski, 1997a; Evans and Fasham, 1993). Models are generally based upon
some level of empirical or bulk parameterizations. The task is to decide upon
what level to parameterize the individual processes in order to accurately quantify
the observed system response.

Microalgae are capable of carrying out photosynthesis and cellular division
over a wide range of temperatures. The effects of temperature on marine algae

have been studied extensively for many years (Berry and Bjorkman, 1980; Berry



and Raison, 1981; Davidson, 1991). It is well-known that phytoplankton have
an optimal temperature for growth (Li, 1980). Below the optimal temperature,
plant growth rates increase with temperature according to their individual Q¢
value. The Q¢ relationship is often parameterized using the Arrhenius function,
but in a physical chemistry framework, its shape is controlled by the net effect
of the Maxwell-Boltzmann relationships from all of the cellular processes which
are linked to Calvin cycle enzymatic activities (Falkowski, 1980). Above the opti-
mal temperature, growth rates decrease beyond the higher temperatures owing to
inactivation or denaturation of proteins of other factors (Ratkowsky et al., 1983).
While a general shape occurs for each growth versus temperature curve, the in-
dividual shapes vary widely between different species, and even clones of the same
species (Jorgensen, 1968; Falkowski, 1977; Smayda, 1969; Yoder, 1979; Suzuki
and Takahashi, 1995). The reasons for this wide range in variability may not be
caused solely by temperature variability but also by changes in nutrient and light
conditions under which they were grown. The optimal temperature for the curves
also varies with changes in the temperature at which the phytoplankton are grown
(Li, 1980). However, despite differences in the shapes of the temperature versus
growth curves, a general equation can be derived for maximal growth. Eppley
(1972) assembled a limited data set of growth curves of phytoplankton batch cul-
tures. From this data set, an empirical equation was derived for estimating the
maximum growth rate based on temperature, fma: = log(2) 0.851 (1.0667), for
a given temperature 7. Other growth rate versus temperature relationships have
been proposed using data from other laboratory experiments (Ahlgren, 1987).
The temperature environment that a natural phytoplankton assemblage en-
counters is highly variable (Lande and Lewis, 1989). At the global scale, phyto-

plankton are exposed to temperatures ranging between -1.8 and 30 °C. In a typical



day, an individual phytoplankton cell may be exposed to a wide variety of tempera-
ture fluctuations. Unfortunately, the actual temperature fluctuations experienced
by any individual phytoplankton cell are difficult to simulate using contemporary
coupled circulation/ecosystem models because the actual temperature that a phy-
toplankton cell is exposed to is controlled by physical and biological processes
which themselves have not been properly resolved in the models (i.e. circulation,
vertical mixing, cell sinking rates, etc.). Furthermore, how these fluctuations ac-
tually affect the individual phytoplankton growth rates is also unknown.

The majority of ecosystem models parameterize growth with the Eppley
(1972) function. The Eppley (1972) growth versus temperature relationship has
been used in both cellular process models (Geider et al., 1998), global ecosys-
tem models (Sarmiento et al., 1993; Doney et al., 1996), and bio-optical models
(Moisan, 1999). The use of the Eppley (1972) growth relationship in modelling
assumes that phytoplankton under optimal light and nutrient conditions will grow
maximally at any temperature. Models which use this formulation for growth are
unable to resolve the variability in growth rates due to species succession from
changes in temperature.

The focus of this paper is to demonstrate how individual or species growth
rates need to be resolved in order to accurately model net primary productiv-
ity. This paper shows that present growth versus temperature relationships do
not resolve the intrinsic population dynamics that are necessary for predicting or
assessing the effects of global change and other environmental perturbations on
ecosystems. The model results have implications for rates of carbon flow through
the ocean ecosystem—especially with regard to changes in growth rates due to

absolute temperature and its variability.



2. Methods

2.1. Chemostat model

A numerical chemostat model is used for all experiments described in this sec-
tion. The model is nitrogen-based and consists of a set of 100 ordinary differential
equations that describe the growth of individual phytoplankton groups growing
within a chemostat. The groups can be operationally defined as either individual
species or phytoplankton functional groups. For the remainder of the paper we

refer to them simply as groups. The general model equations can be written as:

dP; N 1
= u; B — F;,
i~ * (KN+N> (Ik—l—I) (r+9) (1)

where y; is the growth rate for the it phytoplankton group, P;, at some given

temperature, N is the nutrient concentration, which in this model is defined as
NOj3, Ky and Iy are the half-saturation coefficients for the Michaelis-Menten
nitrate- and light-limitation terms, respectively, r is the turnover time for the
chemostat, and ¢ is the phytoplankton mortality rate. The turnover time, r is

defined by
V V

= :1",
Fi Fout

where V is the total chemostat volume, and Fj, and F,,; is the fluid flow rate into
and out of the vessel, respectively.

The decision to use 100 groups is not arbitrary. The model is actually a
discretization of an integro-differential equation. The number of phytoplankton
chosen (100) is at the lower end of the range of phytoplankton groups that is re-
quired to resolve this equation. Discretization of the integro-differential equation

in effect resolves “individual” groups of phytoplankton. Configuring the model



with more than 100 phytoplankton groups does not alter the resulting net popu-
lation growth rates, while the results from simulations with less than 100 groups
deviate from the results obtained with higher numbers of phytoplankton.

The 100 phytoplankton equations are all coupled to an ordinary differential

equation that describes the time rate of change of nitrate N as,

100
dN N I
Y (No—N) — P, 2
i~ " No—N) (KN+N>(Ik+I>;u @)

where Ny is the NO3 concentration being pumped into the chemostat.

The model uses a fourth order Runga-Kutta time stepping scheme, with a 3
minute time step. For the initial conditions, the nutrient concentration is set at
0.2 mmol N m~3 and all phytoplankton groups are set to 0.02 mmol N m~3. The
Michaelis-Menton half-saturation term for the NO3 uptake (K ) is set to 0.5 mmol
N m~3 and the initial slope of the primary production versus light relationship
(Iy) is set to 0.025 (W m~')~! d~!. Phytoplankton specific mortality rates are
set to 0.1 d=1. The NOj3 concentration for the inflow Nj is set at 2.0 mmol N
m~3. The chemostat’s volume-specific turnover time r is set at 0.1 day~!. The
model simulations are run for 10 years so that the spurious solutions caused by
the initial conditions in the NO3 and phytoplankton fields are eliminated.

The model is forced using reasonable, seasonally varying temperature and
light fields for a mid-latitude (32°N) ocean region (Figure 2.) The light field is

simulated using a simple photosynthetically available radiance model:
PAR=1yT, 0, 0.43(1 — a), (3)

where I is the solar constant (1353 W m~2); T, is the energy fraction transmitted

through the atmosphere (0.8); 6, is the solar zenith angle; and, « is the solar albedo



(0.06). The ratio of PAR to total solar energy is assumed to be 0.43, a reasonable

ratio. A simple analytical model for temperature:

(4)

27(YEARDAY — 2
T(t) = 15+ 10 cos( m(YEAR 33)),

365

causes the temperature to vary sinusoidally between 5 and 25 degrees C, a change
in magnitude similar to that observed in the northwest Pacific and Atlantic regions
(Oberhuber, 1988). This wide range in temperature is chosen in order to run the
model to simulate ocean regions where the effects due to temperature variability
would be the greatest. The subtraction of 233 to the YEARDAY introduces a
phase in the seasonal cycle that is typically observed in the northern midlatitude
ocean region. The solar maximum occurs during the summer solstice, around 21
June, but the sea surface temperature maximum occurs some 2 months later, on
21 of August. The light and temperature fields are used solely to control the
phytoplankton growth rates.

The only parameter that is changed in the simulations is the maximum specific
growth rate, u;, all others are held constant for all phytoplankton groups. Nine
separate simulations are carried out, with each simulation given a different growth
versus temperature relationship. These various simulations and the differences
in the growth versus temperature curves are outlined below. For brevity, these
simulations will be referred to as CHEM:1, CHEM:2.1, CHEM:2.2, etc.

In CHEM:1, the maximum specific growth rate for all the phytoplankton
groups is set to the maximum growth rate predicted by the Eppley (1972) equation
(Figure 1A; Table 1),

pi = log(2) 0.851 (1.0667), (5)

where T is the temperature within the chemostat. The only modification to this
equation from the original Eppley (1972) equation is the additional log(2) term

which converts the growth rates from doublings-per-day to d~!. In this simulation,

8



all the individual phytoplankton groups behave similar to each other. There is no
difference between any of the phytoplankton growth equations. As a result, no
competition is possible between any of the phytoplankton groups. In essence, this
simulation is similar to a one component phytoplankton model.

In CHEM:2.1, each individual phytoplankton group is given its own unique
growth versus temperature relationship. This is done by giving each of the 100
individual phytoplankton groups a unique optimal temperature for growth. The
optimal temperatures are set using a linear function of the phytoplankton group’s

counting index, ¢, where the optimal temperature,
t .
T;” = 0.5,

such that for the 30® phytoplankton group, the optimal temperature is set as 15
°C. The individual growth versus temperature curves are set using the optimal

growth temperatures of each phytoplankton group and an analytical equation,
pi = log(2) 0.851 (1.0667) ¢~ |T—T7"1°/1000, (6)

The choice for the form of this equation is as follows. All the phytoplankton
groups are allowed to have a maximal growth rate predicted by the Eppley (1972)
relationship. A modified gaussian function is added which reduces the maximum
growth rate predicted by the Eppley (1972) relationship at temperatures greater
than 7,7 . Otherwise, the model growth rates would continue to increase. Sim-
ilar shaped functions have been used to parameterize individual growth rate re-
lationships for Arctic cyanobacteria (Tang et al., 1997) and bacterial cultures
(Ratkowsky et al., 1983). A plot showing the various individual specific growth
rate versus temperature curves and the original Eppley (1972) growth curve is

shown in Figure 3A. In these growth curves, the asymmetry in the curve is caused



solely by the increase in growth from the original Eppley (1972) phytoplankton
growth versus temperature curve.

In CHEM:2.2, the unique growth versus temperature relationships are modi-
fied to make the curves more asymmetric. These growth versus temperature curves
are set using an analytical equation,

) 1og(2) 0.851 (1.0667T) e~ 1T-Ti""1?/5000 < prowt

- opt 7
Hi {log(2) 0.851 (1.0667) e~ IT-T71°/30 > TPt )

The individual specific growth rate versus temperature curves for CHEM:2.2 is
shown in Figure 4A.

A second series of numerical experiments is carried out that is designed to
investigate the model sensitivity to changes in the asymmetry of the individual
growth rate versus temperature curves. Six simulations (CHEM:3.1 to CHEM:3.6)
are carried out using the growth versus temperature relationship,

[ 10g(2) 0.851 (1.0667) e~ IT—-T"*I*/5000 T < T

= opt 8
. {log(2) 0.851 (1.0667) ¢~IT=T""I*/TSCALE -, Tort, ®)

where TSCALE is decreased for each subsequent simulation, 5000, 1000, 500, 100,
10, 0, respectively. The individual specific growth rate versus temperature curves
for each of these simulations is shown in Figure 5.
2.2. Biogeochemical model

A third series of numerical experiments is carried out to investigate the sensi-
tivity of an ecosystem model to changes in the phytoplankton growth rate formu-
lation. A modification of the nitrogen-based plankton dynamics model of Fasham
et al. (1990) is used in these simulations. We refer the reader to the Fasham
et al. (1990) paper for details on this model. The following modifications are
made: The original Fasham et al. (1990) model used seven compartments: NOs,
NH,, dissolved organic nitrogen, detrital nitrogen, bacteria, phytoplankton and

zooplankton. The modification is made to separate the phytoplankton component
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into 100 different phytoplankton groups. The modified model then became an
ecosystem model composed of 106 ordinary differential equations, of which 100
are for the individual phytoplankton groups. The only difference between the
phytoplankton equation in the Fasham et al. (1990) model and this model is in
the maximal growth rates, V. Four different simulations are carried out, MIXL:1
though MIXL:4. In MIXL:1, V, is set to a constant value of 1.538 (d~'), the
rate predicted by the Eppley (1972) relationship for the model simulation’s mean
temperature of 15 °C. In the remaining simulations, the individual growth rate
versus temperature relationships are similar to those that are used in the first
three chemostat simulations (ibid. Figures 1A, 3A, 4A, respectively).

The forcing used to run the simulations is similar to that used in the original
Fasham et al. (1990) model. The only differences is that the incident PAR model is
altered to resolve the diurnal variability and fitted to the PAR values observed in
the Burmuda Atlantic Time Series (BATS; Siegel et al., 1995). These modifications
are described in detail in Spitz et al. (1998). The temperature used to force the
model is the same that was used in the chemostat simulations presented above.
Note that these simulations should not be compared to those results presented
earlier in Fasham et al. (1990) as the range in temperature that is used in this

paper is not at all like that observed near Bermuda.
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3. Results

3.1. Chemostat model

When growth is parameterized using the Eppley (1972) curve (CHEM:1; Fig-
ure 1A; Equation 3), NO3 and total phytoplankton biomass vary sinusoidally with
an annual periodicity (Figure 1B). The NOgs concentration varies inversely with
the total phytoplankton biomass. Because each phytoplankton group is given the
same parameterization for growth, the biomass concentration of the individual
phytoplankton groups covary (Figure 1C). The individual concentrations of each
group are therefore, one percent of the total phytoplankton biomass concentra-
tion. As a check on the model’s formulation, the biomass-specific growth rates,
after accounting for the effect of nitrate- and light-limitation, are plotted against
the chemostat temperature (Figure 1D). The model growth rates should and do lie
on the Eppley (1972) growth rate versus temperature curve that is used to specify
the individual phytoplankton growth rates.

In the CHEM:2.1 simulation, each individual phytoplankton group is given a
unique growth rate versus temperature relationship which is slightly asymmetrical
about its optimal temperature (Figure 3A; Equation 4). At any given temper-
ature, only one phytoplankton group outcompetes the other groups by growing
faster. The competition between individual phytoplankton groups significantly
alters the time evolution of the NOj3 pool and the relative composition of the phy-
toplankton population (Figure 3B and 3C). Both NOj3 and total phytoplankton
biomass concentrations undergo a greater variability with season than observed in
CHEM:1.

Because all the phytoplankton groups in CHEM:2.1 have a unique time evolv-
ing biomass concentration (Figure 3C), a succession occurs over each seasonal cy-

cle due to the fluctuations in forcing temperature. Unlike CHEM:1 where the
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species diversity remains constant over time, the diversity in CHEM:2.1 decreases
over time as the more successful phytoplankton groups outcompete the remaining
groups for available NO3. Over time, the number of phytoplankton groups with
significant biomass decreases, and as a result the seasonal range of species under-
going succession also decreases. However, total dominance by one phytoplankton
group does not occur even after running the simulation forward through time for
1000 years (data not shown).

While the growth rates for each of the individual phytoplankton groups
are prescribed in the model equations, the average biomass-specific (community)
growth rate of the entire phytoplankton pool is not. The mean biomass-specific
growth rate versus temperature relationship, normalized to account for the nitrate-
and light-limitation terms, is markedly different when compared to the Eppley
(1972) curve (Figure 3D). The biomass-specific growth rates are significantly lower
than the Eppley (1972) growth relationship during the temperature minimum and
maximum. Also, the dominant phytoplankton group has an optimal temperature
TP that is equal to the mean temperature within the chemostat. Note that in
the growth equations used for both CHEM:2.1 and CHEM:2.2 (equations 4 and 5,
respectively) the maximum rate of growth does not occur at the defined optimal
temperature T, 7 * but at a higher temperature due to the increasing growth rates
with temperature. Finally, it is important to note that the mean growth rate is
different at any given temperature (Figure 3D) depending on whether the tem-
perature is increasing or decreasing. The magnitude of this hysteresis is largest
during the beginning of the simulation and diminishes over time as the species
diversity decreases.

In the CHEM:2.2 simulation, the individual shape of the growth versus tem-
perature relationship has a greater asymmetry about the maximal growth rate

(Figure 4A), which is a more realistic rendition of the actual growth rate curves.
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The resulting time evolution of both the NO3 and the total phytoplankton biomass
concentrations (Figure 4B) is relatively indistinguishable from CHEM:2.1 (c.f. Fig-
ure 3B), even though the individual phytoplankton growth versus temperature
curves are different.

As in CHEM:2.1, all phytoplankton groups in CHEM:2.2 have unique time
evolving biomass concentrations (Figure 4C). However, while the time evolution
of the total phytoplankton biomass concentrations for CHEM:2.1 and CHEM:2.2
are very similar, the time evolution of the individual phytoplankton groups in
CHEM:2.2 is not. In both CHEM:2.1 and CHEM:2.2, the phytoplankton group
composition shows both a seasonal succession and a decrease in diversity through
time as a result of phytoplankton competition. This decrease in diversity occurs
at a faster rate in CHEM:2.2.

The mean biomass-specific growth rate versus temperature relationship, nor-
malized to account for the nutrient- and light-limitation terms, is markedly differ-
ent (Figure 4D) when compared to both CHEM:1 and CHEM:2.1 (c.f. Figures 1D
and 3D) and the Eppley (1972) relationship. In CHEM:2.1, the phytoplankton
grow at a rate lower than the Eppley (1972) growth curve for an equal amount
of time during periods of temperature extrema. Growth rates approaching those
of the Eppley (1972) curve occur only during near the average observed tempera-
ture. In CHEM:2.2, the phytoplankton spend most of the time growing at levels
lower than the Eppley (1972) relationship. Growth rates approaching those of the
Eppley (1972) curve occur at temperatures just below the maxima.

In CHEM:3.1 through CHEM:3.6 simulations, the individual growth rate ver-
sus temperature curves are modified in such a way as to increase the level of

asymmetry in the individual growth versus temperature curves (ibid. Figure 5).
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The mean biomass-specific growth rate versus temperature relationship, normal-
ized to account for the nutrient- and light-limitation terms, differs for each case
(Figure 6).

The optimal temperature T} 7 * required to fit the resulting population growth
rates to the individual growth curve (Equation 6) increases with increasing the
asymmetry of the individual growth curves, 14.5, 17.9, 19.3, 21.5, 23.25, and
25°C, for CHEM:3.1 to CHEM:3.6, respectively. Again, it is important to note
that the value for 7,7 * does not define the temperature of maximum growth. For
example, in CHEM:3.1 the T;” ¢ required to fit the curve to the model results is
14.5°C, while the maximum growth rates occurred near 25°C. The temperature
at which the phytoplankton population as a whole reaches its peak growth rate
is highest for the most symmetrical (CHEM:3.1) and asymmetrical (CHEM:3.6)
growth curves, with maximum growth occurring at lower temperatures for the
intermediate cases (CHEM:3.2—CHEM:3.5).

3.2. Biogeochemical model

Four different parameterizations for temperature-dependent growth (Cases
MIXL:1—MIXL:4) are placed into a biogeochemical model (Figure 7). These
parameterizations are similar to those used in the CHEM:1—CHEM:2.3 cases,
respectively. The largest differences occurrs in the timing and magnitude of the
peaks in the seasonal cycles of all the model constituents. In all but the zoo-
plankton, the springtime peak in concentrations are delayed by about one month
between the two extreme simulations. An important item to note is that the
zooplankton are the most sensitive to the model alterations and virtually became
nonexistent. By increasing the asymmetry in the individual growth curves, the
timing of the spring bloom changed, moving from late April to late May. This

forced a shift in the timing of the detrital maximum (end of April to end of May);
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NH4 minimum (late April to late May); bacterial maximum (mid-April to mid-
May); and, the timing (mid-April to mid-May) and magnitude (.03 to 1.3 mmol
N m~3) of the DON pool. The timing of the zooplankton population minimum
shifted and the concentration of the zooplankton population decreased several or-
ders of magnitude. Net primary production levels increase with increasing asym-
metry to the individual growth curves. Also, the timing of the peak of the net
primary production is shifted by about one month, similar to the observed shift
in time of the phytoplankton biomass peak. The f-ratio or new production time
series is also shifted to later in the spring and is only affected during the spring

months.

16



4. Discussion

4.1. Temperature effects on population growth rates

Cellular process (Geider et al., 1998) and global ecosystem (Sarmiento et al.,
1993; Doney et al., 1996) models often use temperature-dependent parameteri-
zations to constrain the maximum phytoplankton growth rate. The use of such
parameterizations is due in part to the accessibility of temperature data and the
importance of temperature in controlling growth rate. The present temperature-
dependent growth model of choice is the Eppley (1972) growth equation. In this
paper, we present some of the drawbacks that arise when models do not resolve the
intrinsic dynamics of a population of organisms. We have derived a function for
temperature-dependent growth which is robust and incorporates dynamics which
can be applied at a variety of taxonomic levels including functional group, species,
and phylogenetic affinity. A comparison of the results from our new model with
the Eppley (1972) formulation for growth reveals that the Eppley (1972) growth
relationship overestimates growth rates at temperatures below and above a popu-
lation’s optimal temperature for growth. Our results can be extrapolated for use
in describing and predicting growth in global ecosystem models.

We have currently parameterized the model with one hundred groups of phyto-
plankton which differ from each other only in their physiological growth response
to temperature. The temperature-dependent response curves represent realistic
growth curves for a variety of phytoplankton groups. Our model results assume
that the population of phytoplankton grow with similarly shaped temperature ver-
sus growth relationships. We do not know the various temperature versus growth
relationships for an assemblage of phytoplankton at any given time/temperature.
However, the growth versus temperature relationships from individual isolated

species, while following a general pattern, vary as widely as that used in the

17



model (compare Figures 1A and 3A). The model does not include any processes
which would account for acclimation of the optimal temperature for growth for
specific individuals. However, this time scale of acclimation competes with the
time scale of succession. If the time scale for acclimation is longer than that of
species succession then acclimation processes would not alter the results of this
study. [Including the effect of species succession or acclimation of the optimal
temperature for growth to the resulting model for growth versus temperature is
discussed later.] We used realistic environmental fields to force the model. The
temperature field is selected to have a large seasonal cycle so that we could test
the model within widely-ranging temperature conditions.

The model also neglects potentially “hard-wired” genetic differences between
various individual phytoplankton groups that might allow certain individuals to
compete better under different temperatures. Such genetic variability has been
reported between the “summer” and “winter” populations of the marine coastal
diatom, Skeletonema costatum, (Gallagher, 1980). We do not include adaptation
that might have arisen from genetic differences, such as temperature adaptation
of RuBP carboxylase that occurs in marine Antarctic diatoms (Descolas-Gros and
de Billy, 1987).

Nutrient uptake kinetics in the model are assumed to be equal for all the indi-
vidual phytoplankton groups so that we focus solely on the effects of temperature
on growth. However, both nutrient availability and nitrate uptake kinetics are not
independent of temperature. Nitrate is generally inversely related to temperature
at depths below the mixed-layer and above the subsurface nutrient maximum, and
half-saturation values for Michaelis—-Menten nitrate uptake kinetics increase with

nitrate availability (Balch and Byrne, 1994).
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Temperature effects are not solely responsible for controlling the seasonal evo-
lution of the phytoplankton populations. Nutrients, light history, due to turbu-
lence and seasonal changes, and other ecosystem-linked forcing such as grazing, all
play prominent and dynamic roles. The science questions that were addressed in
this research focussed on determining the effect of temperature on phytoplankton
growth by resolving individual phytoplankton growth relationships. We are aware
that in the chemostat model simulations, changes in the phytoplankton popula-
tion brought about by changes in the shape of the individual growth relationships
also imparted a change in time evolution of the nutrient fields which themselves
were capable of affecting additional changes in the evolution of the phytoplank-
ton populations. However, when one compares the time evolution of the nitrate
fields (compare Figures 2b and 3b) within the various chemostat experiments one
observes little changes in the resulting nitrate fields. The changes observed be-
tween individual chemostat experiments are primarily due to temperature effects
on the phytoplankton population growth and not due to secondary effects caused
by changes in the nutrient field between individual chemostat experiments.

In the biogeochemical model simulations, the model variables were signifi-
cantly modified, but expected from the changes in the net phytoplankton popula-
tion growth rates. It is difficult to analyze the results to quantitatively determine
which process was directly responsible for the individual observed changes. For
instance, did the zooplankton population decrease overall because of the decrease
in food during the spring or because of the shift in food type (more phytoplankon
and less bacteria). However, these changes are precipitated solely by the changes
in the individual phytoplankton growth versus temperature curves.

Are the temperature-induced changes in primary production more significant
than the changes that could occur due to other processes that control primary

production? This depends upon what region in the ocean you look at. In coastal
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regions, where shallow waters and coastal eutrophication processes create larger
variability in temperature and higher levels of nutrients, the effects of temperature
are significant. In oligatrophic regions, where temperature variability and nutrient
concentrations are low, the effects of nutrients control would be more significant.
4.2. Effects of species succession on estimation of growth rates

A seasonal succession of phytoplankton occurred in all simulations where
the individual species are given unique growth versus temperature relationships.
Species succession is a natural phenomenon in the ocean but few ecosystem models
address its effects on phytoplankton population growth. Succession has histori-
cally been viewed as a floristic expression that has minor effects on the community
dynamics (Smayda, 1980). Multiple phytoplankton groups have been previously
incorporated within ecosystem models (Moisan and Hofmann, 1996; Bissett et al.,
1999) but these models have focussed on the effect that different functional groups
(i.e. diatoms, dinoflagellates, cyanobacteria) have upon the ecosystem while ne-
glecting the inherent effects caused by species succession. Species-specific models
are also currently being developed for the use in remote sensing (Balch et al.,
1989; Moisan and Mitchell, 1999) and remotely sensed data sets are now being
used to detect individual species (Subramaniam et al., 1994 and 1999). While the
application of these types of models and data sets are still in their infancy, future
model development should attempt to incorporate species dynamics in order for
the models to be appropriately applied at the ecosystem level.

In the model results, a “summer” population (one that is found growing
in waters colder than its optimal temperature for growth) sometimes dominates
while at other times a “winter” population (one that is found growing in waters
warmer than its optimal temperature for growth) dominates. A hysteresis occurs

in the growth rate versus temperature relationship as a result of overlapping of the
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growth versus temperature relationships of the “winter” and “summer” popula-
tions (Figure 3D). The magnitude of the hysteresis varies with the asymmetries of
the individual growth versus temperature relationships. As the asymmetry of the
growth versus temperature relationship increases, the rate of succession increases
during the “winter” to “summer” transition and decreases during the “summer” to
“winter” transition, allowing the “summer” population to have a higher optimal
temperature for growth and remain dominant for extended periods of the year.
When the growth curves are symmetrical (i.e. CHEM:3.1), rates of succession be-
tween “winter” and “summer” populations are nearly equal and the hysteresis is
more pronounced. The opposite case occurs when the growth versus temperature
relationships are one-sided, with no growth at temperatures beyond the optimal
temperature for growth, and a “summer” population exists throughout the year
(CHEM:3.6).

Shifts between “winter” and “summer” phytoplankton populations have pre-
viously been observed in the coastal marine diatom, Skeletonema costatum, (Gal-
lagher, 1980; Smayda, 1980). Additionally, Richardson et al. (2000) have con-
cluded that temperature is the major driving force for seasonal succession be-
tween the winter diatom Aulacoseira baicalensis and the summer cyanobacterium
Synechocystis limnetica in Lake Baikal. If these observed successions are caused
solely by variations in temperature, the model results predict that the individual
growth versus temperature relationships for each of the “winter” and “summer”
populations would require symmetric shapes for those populations. For open ocean
regions, where phytoplankton are typically observed growing in waters colder than
their optimal temperature for growth (Li, 1980) asymmetric growth curves are ex-
pected and observed (see Figure 1). The impact of these variations on the shape
of the growth curves and how they enhance the probability of success of a given

phytoplankton species needs to be investigated.
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4.3. Successful competition at suboptimal temperatures

In the past, researchers have attempted to predict the dominant phytoplank-
ton group using knowledge of temperature and laboratory-derived growth rela-
tionships (Ignatiades and Smayda, 1970; Smayda, 1969). Our results show that
predicting the dominant phytoplankton group requires knowledge of the mean and
variance of the temperature field and the individual growth versus temperature
relationships of the phytoplankton. In simulations with individual temperature-
dependent growth curves, the phytoplankton group that dominates is the one that
exhibits maximum growth at temperatures warmer than the mean temperature.

It has been shown for natural populations that the photosynthetic tempera-
ture optimum is higher than the temperature at which they are found (Li, 1980;
Smayda, 1980) and several ideas have been postulated to explain this observation.
Eppley (1972) suggested that phytoplankton do not dominate at their optimal
growth temperature because the increased probability of encountering higher tem-
peratures would, because of the abrupt decline in growth rates at supra-optimal
temperatures, place them at risk or in a more suboptimal growth condition. Ep-
pley (1972) argued that the asymmetry in the growth versus temperature rela-
tionship caused the phytoplankton to thrive within an environment colder that
their optimal temperature. The results from cases with asymmetric growth curves
(CHEM:3.4—CHEM:3.6) show that an increase in the asymmetry of the growth
curves allows phytoplankton with higher optimal growth temperatures to outcom-
pete those with lower optimal growth temperatures.

The temperatures of optimal growth for the dominant populations of phyto-
plankton are highest for the cases with the most (CHEM:3.6) asymmetric growth
versus temperature curves (Figure 6). The suboptimal conditions referred to by
Eppley (1972) is due to increased competition from other phytoplankton groups

that grow optimally at higher temperatures. At very low levels of asymmetry
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(CHEM:3.3) the temperature for optimal growth increased to that near to the
most asymmetric case (CHEM:3.6). This increase is due to the general exponen-
tial increase in the maximum growth with temperature. Under symmetric growth
curve conditions, phytoplankton that grow optimally at some temperature con-
tinue growing slower than phytoplankton with higher optimal temperatures for
growth. Therefore, it is also possible for phytoplankton with symmetric growth
curves to thrive better in waters colder than their optimal temperature for growth.
4.4. Global growth rate versus temperature relationships

The Eppley (1972) relationship gives higher estimates of phytoplankton pop-
ulation growth rates during certain times of the year than those from the model
(Figure 6). The amount by which the Eppley curve overestimates the results de-
pends upon the asymmetry of the individual growth versus temperature curves.
The differences are greatest during the winter periods for all cases and during the
summer for cases with more symmetric growth curves.

Phytoplankton isolated from the wild are commonly observed to be grow-
ing at temperatures lower than their optimum growth temperatures (Li, 1980).
Growth rate versus temperature curves calculated from individual strains (Fig-
ure 1A) show that their growth rates are much less than the Eppley estimate at
temperatures below their observed optimum growth temperatures (Eppley, 1972).
Because the range of habitat temperatures are more or less within the range of tem-
peratures over which the phytoplankton can grow (Suzuki and Takahashi, 1995),
phytoplankton living within the colder portions of their temperature range should
grow at rates lower than those predicted by the Eppley curve based upon the
shapes of the individual growth versus temperature curves. Those phytoplankton
that were measured to grow at rates near those predicted by the Eppley curve
are likely growing at the upper end of their temperature range. This means that

models which attempt to predict phytoplankton growth rates using temperature
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should take into account the local range in temperature of the environment. This
would allow the models to assess when the phytoplankton might be growing within
suboptimal temperatures.

Recent work on developing global algorithms for use with satellite data to
predict primary production estimates in the ocean has led to the creation of
temperature-dependent maximum chlorophyll-specific carbon fixation relation-
ships (Behrenfeld and Falkowski, 1997b; Balch and Byrne, 1994) that show some
resemblance to the shapes of the growth versus temperature curves resulting from
the model simulations presented in this paper. Balch and Byrne (1994) argue that
the rapid decrease in maximum carbon assimilation at higher temperatures is due
to the low concentrations of available NOj3 in the higher temperature regions.
Behrenfeld and Falkowski (1997b) suggest that the decrease in maximum carbon
assimilation values at high temperatures is attributed to an increase in stratifica-
tion in high temperature zones which leads to nutrient-limiting conditions. Our
results demonstrate that an asymmetric relationship between growth and tem-
perature can be obtained solely from the interaction between different types of
phytoplankton groups with different growth versus temperature curves. These
results imply that a portion of the observed decrease in the maximum chlorophyll-
specific carbon fixation rates at high temperatures may be due to temperature
variability rather than nutrient limitation.

We developed a global phytoplankton population maximum growth versus
temperature relationship that takes into account the mean and variability of en-
vironmental temperatures and incorporates how phytoplankton acclimate to tem-
perature change is fit to the model results (Figure 6). This equation is written

as:

(9)

T — high

_ J log(2) 0.851 (1.066T) e~ |T-T°"I*/Tike T < Topt
log(2) 0.851 (1.066T) e~ 1T-T°"* 1P/, T > Tort,
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where Tjg}l‘;e and Tgfl}; determine the general shape or asymmetry of the growth
curve, and T°P! is the optimal temperature for the phytoplankton population
growth. In practice, this optimal growth temperature is chosen to be equal to the
mean observed SST plus some fraction of the observed variance. However, it may
also be estimated from data assimilation studies. The novelty of this population
growth model is that it allows the growth rates to adapt to long-term population
changes that may arise from climate variability while resolving the short-term
fluctuations in population growth caused by local short term temperature changes.

The model depends upon some prior knowledge of the shapes of the individual
growth versus temperature relationships. The utility of having such a model is
that it allows for a more dynamic growth module within the ecosystem models.
This is important to those models whose primary purpose is for use as a global
change prediction tool.

It is also important to note that the mean and variance of the SST used should
be obtained using the more appropriate Lagrangian reference frame. This is easy to
do using either simulated Lagragian drifters in GCMs or for data analysis purposes
from the sea surface temperature data derived from the WOCE Lagragian drifter
data set (Moisan and Niiler, 1998). Because the effects over time from variations of
temperature on phytoplankton population growth rates are short-lived, this mean
value should be obtained by integration over a defined time period that might be
set by the e-folding growth scale of the phytoplankton population.

4.5. Resolving the effects on temperature within a biogeochemical model

The biogeochemical model simulations demonstrate that these types of mod-
els are sensitive to the types of parameterizations used to estimate the maximum
growth rates of phytoplankton at different temperatures. When an ecosystem
model (Fasham et al., 1991) is configured to simulate an ecosystem with a tem-

perature range of 21 to 27°C (not shown), a one week shift (later) occurs in the
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timing of the spring bloom as well as large declines in the zooplankton population.
Forcing with even larger temperature fluctuations (5 to 25°C) allows us to observe
the potential for variability.

We found that when we used the Eppley (1972) relationship for growth, spring
phytoplankton bloom inception occurred earlier in the season due to the higher
growth rates than those which result from resolving the individual growth ver-
sus temperature relationships. The shift in timing of the spring bloom has al-
ready been observed in the Fasham et al. (1993) model which used the Eppley
(1972) relationship within a coupled circulation/ecosystem model. A comparison
of the resulting phytoplankton chlorophyll estimates produced from the Fasham
et al. (1993) model for two regions showed that: (a) the spring bloom at Bermuda
Station “S”, a region where SST does not vary considerably, occurred about one
week earlier than the actual observed spring bloom; and, (b) the spring bloom at
Ocean Weather Station India, a region with a larger seasonal SST cycle, occurred
about one full month earlier than the actual observed spring bloom. The results
from our modelling efforts suggest that in order to correctly simulate the timing
of the spring bloom the maximum growth rates for phytoplankton during late
winter must be lower than that predicted by the Eppley (1972) relationship. In
the Fasham et al. (1993) paper, the maximum growth rates in the region of OWS
I were between 1.1 to 1.3 d='. More recent efforts to use the same ecosystem
model for simulating the ecosystem at OWS I (Ryanchenko et al., 1997) reduced
the maximum phytoplankton growth rate to 0.6 d~! and were able to correctly
simulate the timing of the spring bloom.

It is possible that the results from this study can be extrapolated to other
temperature-controlled processes within the ocean ecosystem. (General equations
which characterize the effect of temperature on zooplankton growth (Huntley and

Lopez, 1992), and bacterial growth (White et al., 1991) and have been used in
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ecosystem models to assess the effects of temperature on stocks and stability of
the ecosystem (Norberg and DeAngelis, 1997). These temperature relationships
use assumptions similar to those used by modeling efforts that incorporate the
Eppley (1972) temperature versus maximum growth relationship. However, in
order to investigate the effects of temperature on other levels of the ecosystem

data on species growth versus temperature relationships must first be understood.
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5. Conclusions

Our results demonstrate the importance of intrinsic population variability on
ecosystems. The model results show that phytoplankton population growth rates
do not resemble the Eppley (1972) relationship that to date all global ecosys-
tem models use, nor many of the other relationships presented in Behrenfeld and
Falkowski (1997a) or Falkowski et al. (1998). However, the resulting population
growth curves (c.f. Figure 6) are very similar in shape to the growth versus temper-
ature relationship obtained by Behrenfeld and Falkowski (1997b) and Balch and
Byrne (1994). The major differences in these curves is that the resulting growth
relationship presented in this paper does not account for nutrient and light limita-
tion. It is hoped that the results from this study will help lead to the development
of better primary production models.

A new model for determining the maximum growth rate for a population of
phytoplankton is presented that takes takes into account the general shape of the
individual phytoplankton growth versus temperature relationships and the vari-
ability of the temperature. This new model is unique in that it is capable of
resolving species succession within the global ecosystem and retains the intrinsic
variability or dynamics of the population as a whole. At present, this new formu-
lation has yet to be tested within a GCM framework. The results from the new
formulation are robust when compared against simulations with 100 plus phyto-
plankton. Further efforts will focus on the effects of nutrient uptake variability

with the hope of establishing a similar global model.
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Table 1. values of parameters used to define the growth versus temper-

ature relationships used in the various numerical experiments.

Case Type Growth Relationship Curve Symmetry
Tyste * Treate
CHEM:1  Chemostat Eppley Relationship* NA
CHEM:2.1 Chemostat Individual Growth Curves’ 1000:1000
CHEM:2.2 Chemostat Individual Growth Curves 5000:30
CHEM:3.1 Chemostat Individual Growth Curves 5000:5000
CHEM:3.2 Chemostat Individual Growth Curves 5000:1000
CHEM:3.3 Chemostat Individual Growth Curves 5000:500
CHEM:3.4 Chemostat Individual Growth Curves 5000:100
CHEM:3.5 Chemostat Individual Growth Curves 5000:10
CHEM:3.6 Chemostat Individual Growth Curves 5000:0
MIXL:1 Mixed-Layer Constant Valuet NA
MIXL:2 Mixed-Layer = Eppley Relationship NA
MIXL:3 Mixed-Layer Individual Growth Curves 1000:1000
MIXL:4 Mixed-Layer  Individual Growth Curves 5000:30

* Eppley temperature versus growth relationship.

T Individual growth versus temperature relationships used; ratios reflect the

exponential decay scale of the curves about the optimal growth temperature

¥ mean growth rate for 15°C using the Eppley relationship
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List of Figures

Fig. 1. Results from the CHEM:1 simulation in which all individual phytoplank-
ton groups are given a growth versus temperature relationship that was equal
to the (A) maximum specific growth versus temperature relationship from Ep-
pley (1972; thick solid curve). For comparison, the actual measured specific
growth rate (d7!) versus temperature curves obtained from various laboratory
experiments (solid curves) are shown. Data are from Suzuki and Takashi (1995),
Smayda (1969), Guillard and Ryther (1962), Sorokin and Krauss (1958, 1962),
Eppley (1963), Eppley and Sloan (1966), Paasche (1968), Moisan (1999), Cloern
(1977), Maddux and Jones (1964), Jorgensen (1968), Yoder (1979), Hayakawa et
al. (1994), Miller and Kamykowski (1986), Smith et al. (1994), Durbin (1974), Ig-
natindes and Smayda (1970), Foy (1983), Thompson et al. (1992), Smayda (1979),
Fawley (1984), Falkowski (1977), Li and Morris (1982), Verity (1982), and Iriarte
and Purdie (1993). The resulting total phytoplankton (B solid curve) and NOs
(B dashed curve) concentrations, and the individual phytoplankton (C) concen-
trations reflect typical chemostat behavior. The individual phytoplankton con-
centration in this case are all equal to each other since their growth rate versus
temperature relationships did not differ, hence only one curve is observed. The
population growth rates (D, thick curve) are shown in comparison with the growth
versus temperature relationship from Eppley (1972, thin solid curve).

Fig. 2. Time series of the seasonally varying (A) temperature (°C) used to
force the chemostat simulations (dashed curve) and the biogeochemical model
simulations (both dashed and solid curved), and (B) photosynthetically available

radiance (PAR; W m~2) used to force all of the simulations.
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Fig. 3. Composite plot A) of the 100 individual specific growth versus temper-
ature relationships (solid curves) for the CHEM:2.1 chemostat simulation. Five
of the possible 100 individual curves are shown so that the shapes of individual
curves can be discerned from one another. The maximum specific growth versus
temperature relationship from Eppley (1972; dashed curve) is shown for compari-
son and demarcates the maximum range allowed by each of the individual growth
versus temperature curves. The resulting total phytoplankton (B solid curve) and
NO; (B dashed curve) concentrations show a steady-state seasonal cycle, while
individual phytoplankton concentrations (C, overlapping curves)) do not reach a
steady-state. The population growth rates (D, thick curve) are shown in com-
parison with the growth versus temperature relationship from Eppley (1972, thin
solid curve) and a curve fit through the resulting population growth rates (thick
dashed curve).

Fig. 4. Same as for Figure 4, but for the CHEM:2.2 simulation.

Fig. 5. Series of 6 (A through F) different composite plots of the 100 individual
specific growth versus temperature relationships (solid curves) used in a growth
curve sensitivity simulations. Five of the possible 100 individual curves are shown
so that the shapes of individual curves can be discerned from one another. The
asymmetry (steepness) of the curves increases from A through F.

Fig. 6. The resulting population growth rates resulting from the sensitivity sim-
ulations in which the individual specific growth versus temperature relationships
are shown in Figure 6. The population growth rates (thick curve) are shown in
comparison with the growth versus temperature relationship from Eppley (1972,
thin solid curve) and a curve fit through the resulting population growth rates
(thick dashed curve).

Fig. 7. Time evolution of the A mixed-layer depth, B NO3, C NH4, D dissolved

organic nitrogen, E detritus, F bacteria, G total phytoplankton, H zooplankton, I
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net primary production, and J f-ratio for MIXL:1—MIXL:4 (solid, small, medium

and large dashed curves, respectively) of the biogeochemical model simulations.
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